Introduction
Population of Kuwait comprises early settlers that include tribes from Arabian and Persian countries, and nomadic Bedouins of the desert [1] . By way of analyzing genome-wide genotypes from 273 Kuwaiti natives, we recently demonstrated three distinct genetic subgroups in Kuwaiti population [2] : Kuwait P (KWP) of Persian ancestry; Kuwait S (KWS) of "city-dwelling" Saudi Arabian tribe ancestry, and Kuwait B (KWB) that includes most of the "tent-dwelling" Bedouin participants (recruited to provide samples for genotyping). The KWB is distinguished from the other two groups by a characteristic presence of 17% African ancestry (ranging from 11.7% to 39.4%); Arabian ancestry is seen more in the Saudi Arabian tribe ancestry subgroup (at 69%) than in the Bedouin group (at 40%). Populations from other states of the Arabian Peninsula also display such a characteristic presence of African ancestry: (i) analysis of mitochondrial DNA variation in Saudi Arabian samples reveals that the Saudi Arabian population harbors as much as 20% genetic contribution from Africa [3] ; (ii) analysis of Saudi Arabian Y-chromosome data indicates that around 14% of the Saudi Arabian Y-chromosome pool is typical of African biogeography ancestry [4] ; (iii) analysis of mitochondrial DNA variation in populations from Near East and Africa identifies a very high frequency of African lineages (specifically sub-Saharan) in the Yemen Hadramawt [5] ; and (iv) analysis of genome-wide genotypes in individuals from Qatar identifies three clear clusters of genotypes with the third cluster comprising individuals with high African admixture [6] .
Bedouins are "tent-dwelling" nomads who roamed the deserts of Middle East; they epitomize the best adaptation of human life to desert conditions [7] . In much of the Middle East and North Africa, the term Bedouin is used to descriptively differentiate between those (bedu) whose livelihood is based on raising livestock by mainly natural graze and those (hadar) who have an agricultural or urban base [8] . Bedouins are originally desert-dwelling tribes of the Arabian Peninsula and are particularly descendants of (i) those settled in the southwestern Arabia, in the mountains of Yemen; and (ii) those settled in North-Central Arabia. Bedouins started to spread out to surrounding deserts of Middle East (particularly Arabian and Syrian deserts) and North Africa (particularly Sinai Peninsula of Egypt and the Sahara Desert of North Africa) due to repeated droughts, growing population and tribal wars. While the "pure" urban-dwelling Arabian tribes formed the leadership class and owned vast amounts of lands, the nomadic Bedouins often worked in the lands of the Arab tribes or tended sheep and camels and moved from one location to another in search of grazing grounds. The Bedouins, as tradition dictated, often married cousins. Marrying within the family helped strengthen bonds among extended families struggling to survive the desert. This centuries-old custom of intermarriage has had devastating genetic effects [9] .
The Kuwait Genome Project (KGP) aims to sequence genomes from the three different ethnic subgroups inhabiting Kuwait. In this paper, we report, for the first time, genome sequence resource from the Bedouin subgroup by sequencing a whole genome at 40.96 × coverage. The participant that provided the sample is of Yemeni Bedouin ancestry from Kuwait. We catalog 3,752,878 SNPs, 411,839 short indels and 8451 structural variations. We further present neighbor-joining trees that depict intergenome comparisons between the genomes of nomadic Bedouins, "city-dwelling" Arabian tribes, and other continental populations.
Results
We sequenced whole genome of a 20 year old male (of Yemeni origin) from the Kuwaiti Bedouin subgroup using Illumina HiSeq 2000. We generated 1273.08 million paired-end reads of length 101 bps that were aligned to the human reference genome hg19. 95.57% of the reads were mapped to the reference genome, resulting in coverage of 41× (Supplementary Table S1 ).
Ancestry estimation and haplogroup analysis
Examination of genetic clusters derived using principal component analysis (PCA) for Kuwait population ( Fig. 1 ) reveals that this sample is located deep in the Bedouin cluster (and not at boundaries of the clusters or in regions that overlap among the three clusters). The surname lineage classification identified the participant as a desertdwelling Bedouin tribe. Further, the ancestry composition of the genetic makeup of the KWB individual is seen as: European (French_Basque)-11%; Arab (Negev Bedouin)-44.7%; sub-Saharan African (Biaka_ Pygmies)-17.3%; and West Asia (Druze, Brahui)-24.8%. This is consistent with the observed compositions in the Bedouin substructure of Kuwaiti population [2] : European (French_Basque)-11%; Arab (Negev Bedouin)-45.0%; sub-Saharan African (Biaka_Pygmies)-17.0%; and West Asia (Druze, Brahui)-25%. As stated in the Introduction, the nomadic Bedouin subgroup (KWB) is distinguished from the other two groups by a characteristic presence of 17% African ancestry. Arabian ancestry is seen more in the Saudi Arabian tribe ancestry subgroup (KWS) (at 69%) than in the Bedouin group (at 40%); and West Asian ancestry is seen more in the Persian subgroup (KWP) (at 56%) than in any of the other two groups. In order to further illustrate that the ancestry admixture composition of the Bedouin individual sequenced in this study is typical of the KWB group, we present ancestry compositions of 15 samples from the KWS subgroup [10] and one sample from the KWP subgroup [11] (Supplementary Table S2 ). While the sequenced Bedouin sample shows presence of 17.3% African ancestry, the 16 samples from the other two subgroups show African ancestry to the extent of only 0.1% to 5.1%; while the sequenced Bedouin sample shows Arabian ancestry at 44.7%; the 15 samples from the KWS subgroup shows Arabian ancestry to a large extent of 66.1% to 86.5%; and while the sequenced Bedouin sample shows only 24.8% West Asian ancestry, the sample from the KWP subgroup shows as high as 64.5%.
The KWB sample is observed to have J1e [J-P58] Y-chromosome haplogroup which is seen in the Arabian Peninsula. The overall estimated time of expansion of J1e haplogroup is around 10,000 years and the ancestors of J1e haplogroups are observed in the Caucasus and eastern Anatolian populations [12] . The frequencies of J1e in populations from the region are [12] : Sudan: (74.2%; n = 35); Yemen (67.7%; n = 62); Negev Bedouin (64.4%; n = 28); Ismaili Damascus (58.8%; n = 51); Qatar (56.9%; n = 72); Jordan (48.7%; n = 76); Sunni Hama (44.4%; n = 36); Oman (37.2%; n = 121); and UAE (34.8%; n = 164). The observed high value of 67.7% for the frequency of J1e in Yemeni population is consistent with the self-reported Yemeni ancestry by the participant.
The mitochondrial haplogroup (indication of maternal ancestry) of the Bedouin participant is determined as L3d1a1a [L3d] , that is predominantly seen in West-Central Africa-among the Fulani [13] , Chadians [13] , Ethiopians [14] , Akan people [15] , Mozambique [14] , and Yemen [14] . Kivisild et al. [14] analyzed mitochondrial DNA variations in 115 volunteer Yemeni donors in Kuwait (who claimed that their maternal origin was in Yemen) and found that the L macro-haplogroup (the most ancestral mitochondrial lineage) is seen in 47% of the 115 Yemeni individuals; they further found that 20 (17.4%) of the 115 Fig. 1 . Scatter plot representing the first two principal components of merged data sets of the three Kuwaiti subgroups. The nomadic Bedouin sample considered for whole genome sequencing in this study is color-coded.
Yemeni participants has the L3 mitochondrial haplogroup (that are most frequently found in sub-Saharan Africa); of these 20 participants, 6 (5.21% of 115 participants) displayed the L3d1 subclade that we observe for the individual sequenced in this study. Thus, the observation of L3d1 haplogroup for the participant in our study is consistent with Yemeni maternal origin. In order to further illustrate that the above observed L3d1 mitochondrial haplogroup is characteristic of the Bedouin sample sequenced in this study, we examined the mitochondrial haplogroups that we identified for a control group of 16 individuals from the other two subgroups of Kuwaiti population (see Supplementary Table S2 ); none of these 16 samples exhibit the clades of the L macrohaplogroup. Kivisild et al. [14] further compared haplotype diversity seen in Yemeni participants with those reported for Ethiopian population (East Africa); their results highlight the complexity of Ethiopian and Yemeni genetic heritage and are consistent with the introduction of maternal lineages into the South Arabian gene pool from different source populations of East Africa. Horn of Africa (a peninsula in the eastern region of the African sub-continent, enclosing Ethiopia, Somalia, Djibouti and Eritrea) is separated from the south Arabian Peninsula (particularly Yemen) by a short distance of only~10 miles at the strait of Bab-el-Mandeb (the Gate of Tears); the distance across is only~20 miles from Ras Menheli in Yemen to Ras Siyyan in Djibouti. Outside of Africa, L3d is mainly found in African Americans; approximately 6% of all African Americans are descendents of the L3d family line [16] .
Identification of SNPs and indels
We compared the Bedouin genome with the reference human genome (hg19) for the identification of variants (SNPs and indels). We identified 4,164,717 variants, of which 3,752,878 are SNPs and 411,839 indels. We characterized the variants as 'known' and 'novel' (see Materials and methods) based on dbSNP 138 [17] annotation (which includes variants reported in 1000 Genomes Project phase I release). We find 1.94% (72,881 of 3,752,878) of the SNPs and 7.94% (32,686 of 411,839) of the indels as "novel".
Transition-to-transversion ratio
The genome-wide transition-to-transversion (Ti:Tv) ratio, that is often used to measure specificity for SNP discovery, is 2.11 (in the case of known SNPs) and 1.98 (in the case of novel SNPs). These values are consistent with those reported in literature for whole genomes in 1000 Genomes Project and in other studies [18] -these studies observe 2-2.1 for known SNPs and 1.90-2.1 for novel SNPs.
Validation of SNP calls
We confirmed the validity of the SNP calls by utilizing the genotype data from the same sample derived using the Illumina HumanOmniExpress BeadChip (Illumina Inc, USA). The discordance in SNP calls is seen in a small number of cases (392 out of 312,694) leading to a concordance rate of SNP calls between deep sequencing experiments and genome-wide genotyping at 99.87%. The observed concordance rate is in agreement with that reported in literatureKenna et al. [19] report a genotype concordance rate of 98.9% upon comparing genotypes for 85 variants inferred across 567 samples using Illumina highthroughput sequencing platforms with genotypes ascertained using Illumina BeadChips. Upon defining the SNPs as homozygous or heterozygous based on BeadChip calls, we find that the disagreements in the SNP calls are more often with homozygous SNPs (206 out of 392) than with heterozygous SNPs (186 out of 392) (Supplementary Table S3 ). As is the practice [20] , we choose not to remove the inconsistent calls.
Classification of SNPs and indels based on genome annotation
Based on the locations of the variants relative to annotated genes in the genome, we classified the variants into broad classes such as intergenic, intronic, and coding variants (Supplementary Table S4 ). Most of the variants lie in intergenic regions (59 % of the total variants), followed by those that lie in introns, 3′ UTR and coding regions. The number of intronic SNPs (1,441,241) is around 24 times the number of exonic SNPs (61,643 comprising coding, non-coding exonic, and UTR SNPs); this is consistent with the notion that 1.1 to 1.5% of the human genome codes for exons while 26 to 30% codes for introns. We observe that SNPs from UTRs (30,043) outnumber those from coding exons of transcripts (21, 616) ; this is consistent with observations made in studies using Illumina technology for whole-genome sequencing-e.g. Wong et al. [21] find that 0.86% of the SNPs identified through whole-genome sequencing of 100 southeast Asian Malays lie in coding exons while 1.06% lie in UTRs. Further we classified the variants from coding regions based on their effect on the encoded protein sequences (Supplementary Table S5 ). We identified 58 Stopgain and 12 Stoploss variants among known coding SNPs and 3 Stopgain variants among novel coding SNPs; we further identified 5 Stopgain variants among known indels and one Stopgain variant among novel indels; such Stopgain and Stoploss variants can truncate or elongate the coded peptide sequence. The 70 known SNPs that bring about loss or gain of stop codons are mapped to 74 genes. Of these 74 genes, 29 are found to be annotated in OMIM database and are associated with diseases such as Cohen syndrome, Schizophrenia, and Sepsis (Supplementary Table S6 ); 2 out of 3 Stopgain variants among novel SNPs, 2 out of 5 Stopgain variants from known indels and one Stopgain variant from novel indels are annotated in OMIM. 73 coding SNPs and 52 coding indels are found to disrupt splicing. We also observe that 80 of the known indels and 16 of the novel indels bring about frameshift changes in the encoded proteins.
We examined the observed 9893 nonsynonymous variants from the list of coding SNPs, using SIFT [22] and PolyPhen2 [23] , to identify "potentially deleterious" variants (see Materials and methods). In this manner, we identified 2166 known and 105 novel potentially deleterious SNPs from 1841 genes. On checking functional categorization of these genes using Gene Ontology [24] , we observed that the significant GO terms all point to sensory perception (such as that of olfaction and cognition) processes, neurological system process, and GPCR signaling pathways & plasma membrane (Supplementary Table S7 ).
In order to identify which of these potentially deleterious SNPs have been previously associated with (or implicated as causal variants for) diseases and phenotype traits, we examined (i) the NHRI GWAS Catalog, a curated resource of SNP-trait association [25] , and (ii) the OMIM, a curated catalog of human genes and genetic disorders and traits with particular emphasis on molecular relationship between genetic variation and phenotypic expression [26] . A set of 48 deleterious SNPs are seen annotated for association with diseases in OMIM database and/or in GWAS Catalog (Table 1) ; the risk alleles at these SNPs are derived using GWAS Catalog or ClinVar [27] . Of these 48 deleterious variants associated with diseases, particularly interesting are those that are in conformity with the phenotype characteristics of the KWB participant, as detailed below:
(a) Morbid obesity (at BMI of 45.5 kg/m 2 ): The deleterious variants rs2043112 (RICTOR) [28] , rs2275848 (NINJ1) [29] , rs11042023 (RPL27A) [30] are associated with obesity and related traits. All these three variants carry the risk allele. (b) Abnormal waist circumference (134 cm): The deleterious variant rs1919128 (C2orf16) is associated with the bivariate trait of waist circumference-triglycerides (WC-TG) [31] , and rs1545 (MKKS) is associated with the metabolic syndrome of abdominal obesity [32] . (continued on next page) (c) Bronchial asthma: The deleterious variant rs1051931 (PLA2G7) is associated with susceptibility to asthma [33] . The participant carries homozygous risk allele for the trait. (d) Family history of retinopathy: The deleterious variant rs267738 (CERS2) is associated with rhegmatogenous retinal detachment [34] , and rs10151259 (RPGRIP1) is associated with Cone-rod dystrophy 13 [35] . The participant carries risk allele at the second marker. Presence of these two markers could be indicative of genetic factor for retinopathy seen in the patient's family history. (e) Smoking: The deleterious variant rs1801272 (CYP2A6) associated with smoking behavior [36] . (f) Prehypertensive (at SBP/DBP of 134/73 Hg/mm 2 ) and family history of high cholesterol: The following deleterious variants are associated with metabolic syndromes: rs676210 (APOB) associated with LDL [37] , rs6756629 (ABCG5) associated with LDL [38] , and rs11820589 associated with bivariate traits of TG and HDL [31] -the participant carries the risk allele at the second and third variants).
Each of the above discussed phenotypes is seen with the Bedouin participant and the sequenced genome contains the risk alleles at one or more SNPs that are associated with each of the phenotypes. Though these genotype-phenotype associations have been demonstrated in literature and annotated in OMIM database and/or GWAS Catalog, it is imperative to mention that these individual genotype variants alone are not necessarily sufficient to account for the disorders with the Bedouin participant (for reasons mentioned below):
(i) Each of the discussed phenotypes is influenced by multiple loci and multiple genetic factors, and it is often the case that a component gene can have multiple genetic variants associated with the disorder. For example, the cone-rod dystrophy (CRD) is associated with several genes (including the RPGRIP1 discussed in this work) [35] -the autosomal dominant form of CRD is associated with mutations in the peripherin/RDS, CRX, and RetGC-I genes, and the autosomal recessive form is associated with mutations in the ABCR gene. It is possible that a single locus has only a modest effect on the disease susceptibility and few or all of the reported loci may collectively participate to account for the disorder. Disease might occur only if a particular combination (pattern) of genotypes is present at different susceptibility loci [39] . (ii) Data on genotype-phenotype associations, discussed in this work, come mostly from GWAS studies ( Supplementary Table S8) . Though GWAS studies lead to identification of associated loci, the variants that are identified need not necessarily be the 'causal' variants [40] . (iii) The reported associations in the databases for these disorders are not necessarily demonstrated in the population of Arabian Peninsula and are very often demonstrated in European populations (see Supplementary Table S8 ). Such associations may not necessarily hold in ethnic populations (that are underrepresented in the global genome-wide surveys) as some genetic variation is private to populations with particular continental ancestry.
We examined the genotypes at SNPs, identified as associated with the phenotypes of the Bedouin sample, in the genomes/exomes of 16 participants from the other two subgroups of Saudi Arabian tribe ancestry and Persian ancestry (see Supplementary Table S8 ). It is seen that for each of the studied phenotypes, the risk allele is seen in at least one another individual (from the control group) having the same phenotype. As an example: in the case of cone-rod dystrophy, 8 (out of 16) participants from the Persian and Saudi Arabian tribe ancestry subgroups have the phenotype; and 4 of these 8 patients have the alternate allele at rs10151259 (RPGRIP1) as seen in the Bedouin sample; the remaining four patients show reference allele (so are the remaining 8 participants that form the control group of unaffected participants). In these 4 patients, other mutations associated with cone-rod dystrophy might be present-efforts to identify such other mutations are out of scope for this study. We further observe that except in the cases of cone-rod dystrophy and TG-HDL phenotypes, at least one unaffected individual exhibit the risk allele-this is in concordance with the concerns listed above, particularly the concern that disease might occur only if a particular combination (pattern) of genotypes is present at different susceptibility loci [39] . Further, 9 of the annotated disorders associated with the 48 potentially deleterious SNPs are autosomal recessive. Of the 48 deleterious variants, 10 occur in homozygous form (see Table 1 ); the participant carries homozygous causal variants for the following two recessive disorders-(rs1056827, Glaucoma 3A [41] ) and (rs1801265, dihydropyrimidine dehydrogenase deficiency [42] ). Due to the practice of consanguineous marriages and inbreeding, autosomal recessive disorders are prevalent in the region.
Upon considering the 239 genes that harbor the 218 novel nonsynonymous variants, we find that 73 genes are annotated in OMIM database (Supplementary Table S9 ). The annotated diseases mostly include rare genetic disorders such as Myasthenia, limb-girdle, familialautosomal recessive and congenital; Charcot-Marie-Tooth disease; Hermansky-Pudlak syndrome 3-autosomal recessive; microcephalyautosomal recessive; mental retardation-autosomal dominant; spondyloepiphyseal dysplasia-Kimberley type; brittle cornea syndromeautosomal recessive; deafness-autosomal recessive and congenital; Watson syndrome; congenital cataracts; nephrosis-1-congenital and Finnish type; and Mucolipidosis III gamma.
Upon examining the 9,549 noncoding SNPs for annotation in NHGRI GWAS Catalog, we find phenotype association for 26 variants (Supplementary Table S10 ). Many of these 26 variants are associated with phenotypes relating to diabetes, obesity and metabolite levels.
Annotation of the genome for structural variants
We identify 8451 variations consisting of 2893 deletions, 2472 duplications, 1580 insertions, 114 inversions, 470 intrachromosomal translocations, and 922 interchromosomal translocations (Supplementary Table S11 ). Of the total 8451 structural variations, 7672 (90.78%) are "known" structural variations, annotated in DGV (Database of Genomic Variations, a curated catalog of human genomic structural variations) [43] . Further, we see that 6696 (79.23%) of the total deletion variants lie in repeat-rich regions containing SINE (which include ALU), LINE and LTR repeat elements.
Comparison with other individual genomes
In order to assess the extent of variability that the genome of Kuwaiti subgroup of tent-dwelling Bedouin ancestry exhibits with genomes of other populations, we compare the KWB genome with two representative genomes of Kuwaiti subgroup of Saudi Arabian tribe ancestry (KWS) [10] and ten representative genomes (see Materials and methods) from four continents namely Africa (3 genomes), America (3 whites), Europe (2 whites) and Asia (1 Chinese and 1 Korean). As these 13 genomes have been sequenced using six different technologies (see Materials and methods) that have different genome coverage, the genomes cannot be directly compared to evaluate the extent of shared variants. In order to evaluate the intergenome distances among these 13 genomes, we adopt the method of Moore et al. [44] that takes care of variability across the platforms by calculating the extent of shared variant locations chromosome-by-chromosome. The consensus neighbor-joining tree derived by using this method for the 13 genomes is presented in Fig. 2 . The three African sequences are closely neighbored, so are the two Asians, and the five Europeans. The two KWS genomes are clustered together and are separated from the KWB genome; all these three Kuwaiti genomes are placed amidst the five Europeans. We then examined the intersection of each of the (KWB, two Kuwaiti genomes of "city-dwelling" Saudi Arabian tribe ancestry, five Europeans, two Asians and three Africans) genome's variants with known disease-causing/predisposing alleles as cataloged in OMIM. The neighbor-joining tree based on the number of shared variant positions carrying the OMIM disease alleles is presented in Fig. 3 . The OMIM variant-based tree depicts the European genomes next to one another, the Asian genomes next to one another, and the African genomes next to one another; and more importantly, the two KWS samples and the KWB genomes are near neighbors to one another and are now placed between clusters of African, and clusters of Asian (and European) genomes in congruence with the geographical location of Kuwait and the Peninsula. Of the three genomes (KWS1, KWS2, and KWB) from Kuwait, the Bedouin genome is placed closer to the African cluster in agreement with the earlier observation that the KWB is distinguished from the KWS group by a characteristic presence of 17% African ancestry.
In both the trees (depicting shared genome-wide variants and shared OMIM variants), the two KWS genomes (KWS1 and KWS2) and the KWB genome are near-neighbors to one another; as these three genomes are sequenced using the same Illumina technology, it should be possible to perform direct comparisons on extent of shared variants between these two subgroups. We compared the SNPs from KWS1, KWS2 and KWB genomes; all the three genomes share a high percent of common variants with one another-KWS1 and KWB share 44.7% common variants; KWS2 and KWB share 43.1% common variants; and KWS1 and KWS2 share 45.5% common variants. Fig. 4 provides a high-level view of the contents of the draft genome sequence for KWB subgroup in terms of density of known and novel variants (SNPs, short and long indels) as observed from the whole genome sequence, density of duplications and the extent of chromosomal translocations. We have also created a genome browser (see the section on Data availability). The browser lets the users to view an annotated display of the identified variants and structural variations in the context of sequence and annotation tracks from other genome resources.
Genome view of the variants

Discussion
Bedouins are the nomadic Arabs of the desert who live on the fringes of the Arabian Peninsula which includes parts of Kuwait, Saudi Arabia, Qatar, United Arab Emirates, Oman, Iraq, Jordan and Syria as well as Negev and Sinai desert [45] . Our earlier work [2] with genome-wide genotype data from Kuwaiti participants has shown that the Kuwaiti population is composed of three distinct genetic clusters-the first group (KWP) is largely of West Asian ancestry, representing Persians with European admixture; the second group (KWS) is predominantly of city-dwelling Saudi Arabian tribe ancestry, and the third group (KWB) includes most of the tent-dwelling Bedouin participants (recruited to provide samples for genotyping) and is characterized by the presence of 17% African ancestry; Arabian ancestry is seen more in the Saudi Arabian tribe ancestry subgroup (at 69%) than in the Bedouin group (at 40%). In this study, we consider an individual of Yemeni ancestry set- The whole genome of the Bedouin individual is sequenced at a highdepth coverage of N40×. Validation of identified SNPs led to a concordance rate of 98.9% between sequencing and BeadChip array genotyping results. Up to 96% of the identified SNPs and indels are validated in the dbSNP 138 database. We believe the remaining 72,881 novel SNPs and 32,686 novel indels add to the repertoire of observed human genome variations. Further, of the identified 8451 structural variations, 779 are novel (i.e. not annotated in DGV, Database of Genomic Variations). We believe that functional level analysis of such populationdependent genomic variations may further shed light on disease mechanisms. Neighbor-joining tree constructed using intergenome distances, calculated based on shared disease-causing variants, between the Bedouin genome and continental genomes places the Bedouin genome (along with the two Kuwaiti genomes of Saudi Arabian tribe ancestry) at the juncture of the clusters of African, Asian, and European genomes; this is in congruence with the geographical location of the Arabian Peninsula. The Peninsula is at the nexus of Africa, Europe and Asia and has been implicated as part of early human migration route out of Africa [46, 47] and of early intercontinental trade routes [48] . The tree further illustrates that the global distribution of known diseasecausing and predisposing variants within every genome is influenced by the individual's ethnicity. Through this study, we report analysis of a personal genome sequence from the contexts of both population genetics and genotype-phenotype associations. The reported reference data set of genome variants from the individual of "tent-dwelling" Bedouin ancestry from the Peninsula helps to enrich understanding of Fig. 2 . Neighbor-joining tree based on intergenome distances calculated using genome-wide variant positions shared between the KWB genome, KWS genomes, and representative genomes from intercontinental populations.
human genome variation across diverse populations. This is particularly important given that the large-scale global sequencing projects have not so far considered populations from Arabian Peninsula.
The rate of consanguineous mating in Kuwaiti population can be as high as 54.3% with higher rates noted among Bedouin tribes [45, 49, 50] . Frequency of intermarriage with other communities has been particularly low and this has resulted in sustained isolation particularly for the Bedouins and wealthy families. As a result of the extreme inbreeding, consanguinity, and isolation over many centuries, Bedouins (& other Arab tribes) exhibit a high incidence of genetic disorders [45] , particularly autosomal recessive disorders. Studies with Bedouins in Negev region of Israel also have shown that they exhibit a high rate of genetically-determined neurological, skeletal, eye, cardiac, gastrointestinal, skin and eye diseases [9] . Thus the Bedouin population is of considerable interest to the medical genetics community that strives to understand the pathophysiology of genetic disorders. Therefore, the reported full-length reference genome sequence for the "tent-dwelling" Bedouins is significantly important to the medical genetics community. Moreover, we find a large number of potentially deleterious missense variants (both known and novel), annotated for diseases in OMIM or GWAS Central catalog, which could be causal variants for a number of autosomal recessive disorders.
Examination of potentially deleterious missense SNPs from the reported genome for disease annotation (in OMIM and GWAS Catalog) leads to deciphering the relationship between the genotype and phenotype characteristics of the individual. (a) The participant is known to suffer from bronchial asthma. A potentially deleterious variant is seen at rs1051931 T= N C (A379V) in PLA2G7 gene; the A379V change has been shown to contribute to increased risk for asthma and atopy [33] . Asthma and related allergic diseases are complex conditions caused by a combination of genetic and environmental factors-the environmental factors differ from population to population. Kuwait, like other states of the Arabian Peninsula, has an arid climate with very hot dry summers and mild winters. Sandstorms are a regular climatic feature occurring most frequently in summer. Rapid urbanization in the post-oil era further contributes to increasing prevalence of asthma in Kuwait and other states. (b) The participant is morbid obese and has abnormal waist circumference. Potentially deleterious variants seen at the following markers have been associated with obesity and related traits (such as abdominal obesity): rs3733418 (C4orf39), rs2043112 (RICTOR), rs2275848 (NINJ1), rs11042023 (RPL27A), and rs1545 (MKKS) all carrying risk allele in the genome of the participant. Both adult obesity and childhood obesity are prevalent in Kuwait. (c) The participant has a family history of retinopathy. The individual carries risk allele at rs10151259 G= N T (A547S) (RPGRIP1) that is associated with Conerod dystrophy 13. (d) The participant is a smoker. Potentially deleterious variant rs1801272 A= N T (Leu160His) (CYP2A6) that is associated with smoking behavior is seen in the genome of the participant. Further, the study illustrates that the genome contains risk alleles for many autosomal disorders which are prevalent in the region. Examples include (a) Familial Mediterranean Fever (that can occur in both autosomal dominant and autosomal recessive forms)-marked by rs3743930 G➜ C (E148Q) (MEFV gene) in the sequenced Bedouin genome-affects predominantly populations living in the Mediterranean region, especially North African Jews, Armenians, Turks, and Arabs [51] ; and (b) Parkinson disease (autosomal dominant) is marked by rs7133914 G= N A(R1398H) (LRRK2 gene) and rs7308720 C= N G (N551K) (again LRRK2 gene) in the sequenced Bedouin genome; while the LRRK2 mutations account for only about 1-2% of sporadic Parkinson's disease cases worldwide, in genetically isolated populations, such as Ashkenazi Jews and North African Arabs, the mutations can account for upwards of 30-40% of sporadic and familial PD cases [52] .
Neighbor-joining trees, depicting comparisons between the genome of nomadic Bedouin (KWB) individual (along with two genomes from the KWS subgroup of Saudi Arabian tribe ancestry) and genomes from four continents, give different information depending on whether all the shared genome-wide SNPs or only those shared disease-associated SNPs (as cataloged in OMIM database) are used. While the neighborjoining tree based on genome-wide SNPs clusters the KWB and KWS genomes amidst the European genomes, that based on only the OMIM SNPs places the KWB and KWS genomes between the three clusters of African, Asian and European genomes (in concordance with the geographical location of the origin of the sample at the nexus of Africa, Asia and Europe). This illustrates that the disease profile of individual populations can be different, irrespective of their overall shared origin, and that ethnicity acts as the dominant trend structuring diseaseassociated SNP locations. This is in agreement with reports that increased levels of population differentiation are detected in disease associated genes when compared to genome-wide base levels [53] . Placement of Kuwaiti genomes amidst the European genomes in the tree based on genome-wide SNPs is in concordance with the following reports: It has been recently suggested, based on analysis of ancient European genomes, that one of the three groups to which the presentday Europeans trace their ancestry is Middle Eastern farmers [54, 55] ; the three groups are hunter-gatherers who arrived from Africa more than 40,000 years ago, Middle Eastern farmers who migrated to the west much more recently, and those that probably spanned between northern Europe and Siberia. The ancestry admixture due to Middle Eastern farmers in European ancestry may account, at least partially, for the affinity that we see between Europeans and the KWB & KWS participants in the tree based on genome-wide variants.
In conclusion, this is the first study to report a reference genome resource for the population of nomadic "tent-dwelling" Bedouin ancestry. We report novel genome variants that include SNPs, indels and structural variations that enlarge the current repertoire of human genome variation. Neighbor-joining tree built using shared disease-causing variants between the Bedouin genome and other continental genomes positions the Bedouin genome between the clusters of African and Fig. 4 . Summary of analysis of genomes from Kuwait subgroup of Bedouin ancestry. Tracks (from outer to inner): karyotype of human genome; density (in every window of 1 Mb) of 'known' SNPs (i.e. annotated in dbSNP 138); density of 'novel' SNPs (i.e. not annotated in dbSNP138); Density of 'known' indels; density of 'novel' indels; density of long deletions; density of long insertions; density of inversions; density of duplications; links representing intra-and interchromosomal translocations.
clusters of Asian and European genomes; this is in concordance with the geographical location of the origin of the sample at the nexus of Africa, Asia and Europe. Apart from the findings from population-context, the study illustrates that the medical history of the participant for morbid obesity and bronchial asthma as well as the medical history of the participant's family for retinopathy is accounted by the presence of a large number of genome variants that are known to be associated with these traits. Further, the study illustrates that the genome contains risk alleles for autosomal disorders that are prevalent in the region. The presented genome data provides a starting point for designing largescale genetic studies in population subgroup of Bedouin ancestry in Kuwait and other states of the Middle East and North Africa.
Data availability
The reported whole genome sequence and all the identified variants (known and novel) are available on the ftp site (ftp://dgr. dasmaninstitute.org). The data can be visualized using genome browser with other annotations tracks from UCSC at http://dgr.dasmaninstitute. org/DGR/gb.html. Proper functionality of the web server requires Firefox version 6 (or later versions) or Internet Explorer version 10 (or later versions).
Materials and methods
Ethics statement
The study was approved by the Scientific Advisory Board and the Ethics Advisory Committee at Dasman Diabetes Institute, Kuwait. Written informed consent for the study was obtained from participant before blood samples were collected.
Detailed methodologies
Details on the methodologies and the tools used to process sample, to sequence the whole genome, and to analyze the genome and variants are presented in Supplementary Data-Appendix A. We present below only the essential information on methodologies.
Participant recruitment and sample collection
A 20 year old male participant, clustering with the genetically distinct Bedouin subgroup (KWB) of Kuwaiti population [2] , was considered for whole genome sequencing. Blood sample was collected by a trained nurse. Ancestry estimates for the sequenced sample are as extracted from our previous study [2] . For purposes of illustrating the placement of this sample in the Bedouin genetic cluster, the principal component analysis (PCA) plot derived from our previous work [2] is used.
Whole genome sequencing
Processing of blood sample and preparation of libraries for whole genome sequencing were performed as per standard procedures. Paired-end sequencing was performed using Illumina HiSeq 2000.
Identification of genome variants (SNP and Indel) and validation of SNPs
Sequenced paired-end reads were aligned to human reference genome hg19 (UCSC) [56] . The aligned reads were processed to identify SNPs and indels using SAMtools [57] and GATK [58, 59] workflows; in order to reduce the likelihood of false discoveries due to the choice of the variant caller, we only utilized the consensus set of variants identified by both the tools. The validity of the SNP calls was confirmed by utilizing genome-wide genotype data from the same sample.
Annotation of variants (SNPs and indels)
A variant is denoted as "novel" if either the variant is not annotated in dbSNP 138 [17] database or the alternate allele seen in the variant in the sample is not a subset of alleles reported in dbSNP. SIFT [22] and PolyPhen2 [23] were used to annotate non-synonymous variants as "deleterious variants" depending on the predicted impact of the amino acid substitution on the protein functionality. The databases of OMIM [26] , GWAS Catalog [25] , and Ensembl Variation database v72 [60] were used to annotate variants for disease associations.
Detecting structural variations
We used HugeSeq [61] pipeline that implements four different algorithms, to detect structural variations from paired-end reads data. Deletions were annotated using Annovar [62] . A detected deletion is defined to be 'known' if at least 50% of the detected deletion overlaps with annotated deletions in the Database of Genomic Variants [43] ; otherwise, the deletion is considered to be "novel".
Identifying Y-chromosome and mitochondrial haplogroup
The Y-chromosome variants were used to call haplogroups using AMY-tree software [63] , which uses data from ISOGG (International Society of Genetic Genealogy). The paired-end reads aligned to hg19 mitochondrial sequence were realigned to rCRS (Revised Cambridge Reference Sequence [64] ) and then the variants were used to call haplogroups using HaploGrep software [65] .
Neighbor-joining trees based on intergenome distances between the genomes of Bedouin, Saudi Arabian tribes, and continental populations
We consider a total of 10 genomes (downloaded from the sites of 10Gen [44] ) covering diverse ethnicities from other continents, and 2 Kuwaiti genomes of Saudi Arabian tribe ancestry [10] for comparing the intergenome similarities with the genome of Bedouin ancestry sequenced in this study. The data set of 10 genomes from other continents includes three African (Yoruba) genomes (NA19240 [44, 66] on ABI SOLiD, NA18507 [67] on Illumina, NA18507 [68] ) on ABI SOLiD), two Asian genomes (Chinese [69] on Illumina, Korean genome [70] on Illumina), five genomes of European descent (Venter [71] on Sanger sequencing, Watson [72] on Roche 454, NA07022 [73] on CGenomics, NA12878 [44, 66] on ABI SOLiD, Quake [74] on Helicos). The two Kuwaiti genomes of Saudi Arabian tribe ancestry and the third Kuwaiti genome of nomadic Bedouin ancestry are sequenced using Illumina sequencing technology. We adopt the methods used by Moore et al. [44] to calculate intergenome distances based on information relating to shared variant locations between genomes, and to create a consensus neighbor-joining tree (using PHYLIP [75] ) depicting intergenome similarities. The method to calculate the distance is robust with respect to the depth of coverage and hence works well with genomes even when they are sequenced using different sequencing technologies. We built two trees: (i) genome-wide variant tree, that is based on intergenome distances calculated using genome-wide shared variant locations; (ii) OMIM variant tree, that is based on intergenome distances calculated using only those shared variant locations where at least one of the genomes contains an OMIM allele.
Visualization of the content of sequenced genome
The software tool, Circos [76] is used to create the high-level view of the contents (such as density of duplications) of the draft genome sequence. We have built a genome browser, using JBrowse (version 1.8.1) [77] to visualize the sequenced genome sequence and the variants.
